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Long-term depression (LTD) at parallel fiber-Purkinje neuron synapses have 
been regarded as a primary cellular mechanism for motor learning. However, 
this hypothesis has been challenged. Demonstration of normal motor 
learning under LTD-suppressed conditions suggested that motor learning 
can occur without LTD. Synaptic plasticity mechanisms other than LTD 
have been found at various synapses in the cerebellum. Animals may achieve 







Marr and Albus, two theoreticians proposed that the efficacy of 
information transmission at a synapse between a parallel fiber (PF) and a 
Purkinje neuron (PN) in the cerebellar cortex changes depending on the 
activity of a climbing fiber (CF) [1, 2]. A PN receives an extraordinary large 
number of excitatory synaptic input from more than 100,000 PFs and a very 
strong input from only one CF, which seems to code an error signal (Figure 1). 
Albus considered that the PF-PN synaptic transmission that was active in a 
motor performance and ended in failure, is suppressed depending on the CF 
input. Then, Ito and colleagues reported that conjunctive activation of PFs 
and a CF suppresses a postsynaptic PN activity and its responsiveness to the 
transmitter glutamate for a long-term [3]. Subsequent in vitro studies 
demonstrated that the excitatory synaptic potential or current in a PN 
caused by PF activation is depressed by coupled stimulation of PFs and a CF 
[4, 5]. This plasticity at PF-PN synapses is known as cerebellar long-term 
depression (LTD). 
Ito and colleagues suggested involvement of LTD as an essential cellular 
mechanism in adaptation of vestibulo-ocular reflex (VOR), a model paradigm 
of motor learning [6]. Lisberger and colleagues opposed this view suggesting 
an important contribution of plasticity in vestibular nuclei to VOR 
adaptation [7]. On the other hand, Thompson and colleagues suggested that 
LTD is involved in a type of classical conditioning of eye-blink response [8]. A 
large number of subsequent studies have addressed the relation between 
LTD and motor learning [9-11]. Many studies have supported involvement of 
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LTD in motor learning. However, there are also reports suggesting that 
motor learning can occur without LTD [12, 13]. Thus, consensus has not been 
reached about roles of LTD in motor learning. Since discovery of LTD, 
various forms of synaptic plasticity at not only PF-PN synapses but also 
other synapses in the cerebellar cortex have been reported (Figure 1). 
Contribution of multiple types of cerebellar synaptic plasticity to motor 
learning has been proposed [11, 14-16]. In this mini-review, I will briefly 
discuss roles of LTD and other types of cerebellar plasticity in motor 
learning.  
 
LTD-deficient animals with motor learning failure 
   Relation between LTD and motor learning has been studied extensively 
in two model paradigms, adaptation of VOR and classical conditioning of 
eye-blink response. Adaptation of another type of reflex eye movement, 
optokinetic response (OKR) has also been studied. VOR is a type of reflex to 
stabilize the visual image during head motion. Vestibular organs detect head 
motion, and drive eye balls to turn in the opposite direction of head motion so 
that the visual image becomes stable [17]. Adaptation of VOR occurs when 
an eyeball motion fails to stabilize the visual image on a retina. For example, 
when an animal is rotated together with rotation of the surrounding in the 
opposite direction, the visual image on a retina moves even if VOR occurs. In 
this situation eye movement needs to be increased to stabilize the visual 
image. Indeed, such a change of VOR is induced by continuous application of 
coupled rotation of an animal and the surrounding. Both gain-increase and 
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gain-decrease adaptation of VOR occur. On the other hand, OKR is a 
visually-guided eyeball motion, and also works to stabilize the image on a 
retina during head motion. VOR is more efficient than OKR during fast head 
turn, and OKR is more efficient during slow turn.  
In eye-blink conditioning an unconditioned eye-blinking is induced by 
applying air-puff or electrical stimulation around an eye, and coupling air 
puff or electrical stimulation with preceding conditioning stimulation such 
as sound presentation, results in occurrence of conditioned eye-blink 
response to the sound. Involvement of the cerebellum in these motor learning 
paradigms has been established. 
   Molecular and cellular studies on LTD revealed a number of molecules 
involved in LTD induction [9, 11]. Using such information, many types of 
mutant mice defective in LTD have been generated and their motor learning 
abilities such as adaptation of VOR or OKR, or eye-blink conditioning have 
been examined. Earlier studies on global knockout mice defective in LTD 
showed good correlation between LTD defects and motor learning failures 
[18]. Knockout mice of metabotropic glutamate receptor mGluR1, PN-specific 
ionotropic glutamate receptor-related molecule GluD2, a subtype of 
phospholipase PLCβ4, neuronal nitric oxide synthase nNOS, protein kinase 
G and Ca2+/calmodulin-dependent kinase IIα (CaMKIIα), showed defects in 
both LTD and motor learning [19-27], suggesting involvement of LTD in 
motor learning. Problems in interpretation of these results are that knockout 
of molecules in most of these mice was not cell-type specific, and that effects 
of knockout in PNs unrelated to LTD cannot be excluded. Another point I 
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should note is that how LTD was induced and what types of motor learning 
paradigm were tested are different among these studies. Therefore, we 
should be cautious in interpretation of results. 
 In above mentioned molecules, GluD2 is selectively expressed in PNs [18, 
20]. However, it has been revealed that GluD2 is involved in multiple 
functions such as formation and/or maintenance of PF-PN synapses, 
elimination of redundant CF input and presynaptic form of long-term 
potentiation (LTP) at PF-PN synapses [20, 28, 29]. Transgenic mice in which 
an inhibitor of protein kinase C is expressed only in PNs were generated [30]. 
They also show defects in both LTD and motor learning. However, potassium 
channel in PNs is also affected in the transgenic mice. More recently, an 
example of enhanced motor learning accompanied with facilitated LTD 
induction was reported. In delphilin knockout mice, LTD is more easily 
induced than in wild type mice, and that adaptation of OKR is facilitated 
[31]. Delphilin binds to GluD2 and relatively specifically expressed in PNs. 
Collectively, these studies have shown good correlations between LTD and 
motor learning ability, supporting involvement of LTD in motor learning, 
although the results only show correlations and are not conclusive. 
 
LTD-deficient animals with normal motor learning 
There are also papers reporting that normal motor learning occurs under 
LTD-suppressed conditions. Welsh et al., (2005) demonstrated that 
pharmacological prevention of LTD in rats does not affect eye-blink 
conditioning [12]. Schonewille et al., (2011) studied three types of mutant 
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mice defective in LTD and found that all of them show normal adaptation of 
VOR, eye-blink conditioning and locomotion learning [13]. Mutant mice they 
examined were PICK1 knockout mice, knockin mice of the mutant ionotropic 
glutamate receptor subunit GluA2 devoid of the last 7 C-terminal amino 
acids, and another knockin mice of the GluA2 mutant in which single amino 
acid is replaced so that to inhibit phosphorylation of S880 of GluA2 by 
protein kinase C. The mutation in the last mice seems very small and 
specific. All these 3 types of mutation seem to affect the final step of LTD 
expression, that is internalization of AMPA 
(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)-type glutamate 
receptor. These studies indicate that normal motor learning can occur even if 
LTD is suppressed, and suggest that LTD is not essential for motor learning. 
However, they do not necessarily deny a possibility that LTD occurs and 
contributes to motor learning in wild type mice. Some other plasticity 
mechanisms might compensate suppressed LTD in the mutant mice. As 
described below, a type of LTP at inhibitory synapses on a PN might be able 
to compensate suppressed LTD. Further, there might be some subtle defects 
in motor learning ability in the LTD-defective mutant mice that could not 
have been detected. In any case, LTD is not a sole plastic mechanism 
contributing to motor learning, and other cerebellar synaptic plasticity 
mechanisms (Figure 1) seem to play roles in motor learning. 
 
Cerebellar cortical synaptic plasticity other than LTD 
 9 
 
At PF-PN synapses it is also known that post- and presynaptic LTP occur. 
Presynaptic LTP is induced by repetitive stimulation of PFs at a higher 
frequency (4-8 Hz) and postsynaptic LTP by that at a lower frequency (1 Hz) 
[4, 5, 32-35] (Figure 1). It has been suggested that a unidirectional synaptic 
plasticity might be saturated by training or experience, and might not be 
very effective in learning. Indeed, contribution of postsynaptic LTP at PF-PN 
synapses to motor learning has been suggested [36, 37]. 
   Inhibitory synapses on a PN also undergo plasticity (Figure 1). CF 
activation or potent depolarization of a PN induces LTP of GABAergic 
synaptic transmission, which is called rebound potentiation (RP) [38, 39]. RP 
induction depends on the intracellular increase in Ca2+ concentration as LTD 
induction [40-42], and works to decrease the excitability of a PN as LTD. 
Molecular induction mechanism of RP has been extensively studied and 
clarified that several molecules such as CaMKII, protein phosphatases, and 
mGluR1 are involved in both RP and LTD [39, 41-47]. Similarities in 
induction conditions and molecular mechanisms, and also suppressive effects 
on the PN activity between RP and LTD, suggest that RP might work 
synergistically with LTD, and might compensate defects of LTD in certain 
conditions. As described above, LTD-deficient mutant mice in which 
signaling molecule such as mGluR1, nNOS, protein kinase G or 
Ca2+/calmodulin-dependent kinase IIα is knocked out, show motor learning 
failures, whereas mutant mice in which the last selective step of LTD 
expression is affected do not show motor learning failure. It might be 
possible that in the former types of mutant mice RP is suppressed together 
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with LTD and in the latter only LTD is abrogated, because some intracellular 
signaling molecules are involved in both LTD and RP. Thus, only coupled 
suppression of LTD and RP might have clearly affected motor learning.  
Recently, RP-deficient transgenic mice were generated by expressing a 
peptide blocking interaction of GABAA receptor and GABARAP (GABAA 
receptor associated protein) only in PNs [48]. It was previously reported that 
the above protein interaction is necessary for expression and maintenance of 
RP [46]. The transgenic mice show defects in VOR adaptation, suggesting 
involvement of RP in motor learning [48]. However, the mutant mice showed 
normal OKR adaptation. At these inhibitory synapses on a PN other types of 
short-lasting plasticity have also been reported [49-52]. 
   Synapses between PFs and a molecular layer inhibitory interneuron also 
undergo bidirectional plasticity [53, 54] (Figure 1). At these synapses coupled 
activation of a CF and PFs induces LTP, whereas stimulation of only PFs 
induces LTD. Directions of the above inhibitory synaptic plasticity are 
opposite to those at excitatory PF-PN synapses. Thus, they could 
synergistically work with LTD and LTP at excitatory PF-PN synapses [11, 15, 
16]. Further, it was reported that activities of molecular layer inhibitory 
interneurons tend to change in the opposite direction to those of nearby PNs 
after application of certain stimulations [55, 56]. Thus, inhibitory 
interneuron activities might enhance PN responses to PF input. In addition, 
LTD has been reported at CF-PN synapses, which could influence LTD at 
PF-PN synapses and RP [57]. Synaptic plasticity occurs also in the granular 
layer. At mossy fiber-granule neuron synapses bidirectional plasticity occurs, 
 11 
 
which seems to contribute to fine tuning and redistribution of input 
information to the molecular layer [58, 59]. 
In addition to synaptic plasticity, plasticity of intrinsic dendritic 
excitability of a PN was reported [60]. Local depolarization of PN dendrite 
suppresses small-conductance Ca2+-activated K+ channel there, resulting in 
enhancement of excitatory synaptic response in a PN. This mechanism could 
contribute regulation of PN activity. Neuronal activity dependent plasticity 
of intrinsic excitability has been also reported in granule neurons and in 
cerebellar nuclear neurons [61, 62]. 
 
Roles of cortex and nuclei 
   We do not know how long LTD is maintained in vivo. In vitro studies 
reported that the PF-PN LTD chemically induced in a culture preparation 
lasts for 1-2 days [63]. On the other hand, there are studies suggesting that 
motor memory is transferred from the cortex to the cerebellar or vestibular 
nuclei a few days after the training [64]. In the cerebellar nuclei mossy 
fiber-nuclear neuron synapses show LTP depending on the inhibitory 
GABAergic input from PNs [65], whereas in the vestibular nuclei different 
synaptic plasticity is induced depending on the postsynaptic membrane 
potential [66, 67]. Such PN activity-dependent nuclear synaptic plasticity 
might contribute to the memory transfer from the cortex to nuclei for 
long-term storage of memory after LTD establishment in the cortex. 
 Raymond’s group reported occurrence of VOR adaptation independent of 
CF input, and that optogenetic modulation of PN activity during vestibular 
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stimulation changes VOR dynamics [68, 69]. These results suggest that 
there is motor learning process independent of CF activity, and that 
plasticity in the vestibular nuclei depending on the PN activity may play a 
critical role in VOR adaptation. On the other hand, Wada et al., (2008) 
reported that eye-blink conditioning training under suppression of PF-PN 
synaptic transmission does not induce the conditioned response, but that the 
conditioned response appears after the recovery of transmission [70]. More 
recently, they also found that OKR adaptation does not occur under 
suppression of PF-PN synaptic transmission, but that the gain of OKR 
immediately increases after recovery of the transmission [71]. Thus, some 
learning process might take place during trainings without PF output. 
Certain plasticity mechanisms might proceed in the cerebellar or vestibular 
nuclei under a PF-activity suppressed condition without apparent effect on 
behavioral responses, which might appear only after recovery of the PF 
activity. These studies highlight important contribution of plasticity in the 
cerebellar or vestibular nuclei to motor learning.  
Several types of synaptic plasticity in the cerebellar and vestibular nuclei 
have been reported [65, 66, 67]. However, they are somewhat controversial, 
and characterization of plasticity in the nuclei seems to be on the way. In the 
nuclei different types of neurons and synapses are intermingled [67], and 
detailed information about synaptic plasticity at specific types of synapses 
are lacking. I also would like to note that numbers of neurons and synapses 
are much smaller in the nuclei than those in the cerebellar cortex. Thus, the 
capacity for memory storage in the nuclei might be limited.  
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   Very recently, Wang et al. (2014) reported that short-term OKR 
adaptation is accompanied with transient decrease in the number of 
AMPA-type glutamate receptors at PF-PN synapses, and that long-term 
OKR adaptation after 5 consecutive daily trainings is accompanied with 
decrease in the number of PF-PN synapses in the cortex [72]. As decrease in 
the number of either AMPA receptors or PF-PN synapses can depress the 
synaptic transmission, these morphological changes might correspond to 
functional PF-PN LTD, although it is unclear whether these changes are 
restricted to only synapses related to OKR adaptation or not. If decrease in 
the PF-PN number corresponds to a later phase of LTD or a motor memory 
engram, it can be maintained for more than 10 days [72, 73], suggesting that 
LTD in the cortex can store memory for weeks. Morphological correlates of 
cerebellar synaptic organization to motor learning are interesting questions 
to be studied further. 
 
Remaining questions and future directions 
   Various plasticity mechanisms in the cerebellum seem to contribute to 
refined motor control and learning. However, how each plasticity mechanism 
works during motor learning and influences neuronal activity, and whether 
plasticity mechanisms work independently or in collaboration, are unclear. 
In addition some plasticity mechanisms such as in the nuclei have not been 
well defined. Answers to these questions are required. In addition, effects of 
synaptic plasticity on behavior are essential information to be demonstrated. 
Direct modulation of activity of specific types of neuron so that to mimic the 
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learned pattern by an optogenetic method, would contribute to clarification 
of cerebellar neuronal mechanism controlling motor learning. 
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Cerebellar circuit and synaptic plasticity. MF, mossy fiber; GN, granule 
neuron; PF, parallel fiber; PN, Purkinje neuron; IN, molecular layer 
interneuron; CN, cerebellar nuclei; VN, vestibular nuclei; IO, inferior olive; 
CF, climbing fiber; LTD, long-term depression; LTP, long-term potentiation; 
RP, rebound potentiation. 
 
 

